According to the multistep model of cell migration, chemokine receptor engagement (step 2) triggers conversion of rolling interactions (step 1) into firm adhesion (step 3), yielding transendothelial migration. We recently reported that glycosyltransferaseprogrammed stereosubstitution (GPS) of CD44 on human mesenchymal stem cells (hMSCs) creates the E-selectin ligand HCELL (hematopoietic cell E-selectin/L-selectin ligand) and, despite absence of CXCR4, systemically administered HCELL + hMSCs display robust osteotropism visualized by intravital microscopy. Here we performed studies to define the molecular effectors of this process. We observed that engagement of hMSC HCELL with E-selectin triggers VLA-4 adhesiveness, resulting in shear-resistant adhesion to ligand VCAM-1. This VLA-4 activation is mediated via a Rac1/Rap1 GTPase signaling pathway, resulting in transendothelial migration on stimulated human umbilical vein endothelial cells without chemokine input. These findings indicate that hMSCs coordinately integrate CD44 ligation and integrin activation, circumventing chemokinemediated signaling, yielding a step 2-bypass pathway of the canonical multistep paradigm of cell migration.
T he successful application of adoptive cellular therapies, including stem cell-based regenerative medicine, critically depends on delivering relevant cells to target sites (1) . Four distinct steps have been described in the process of cell migration: tethering and rolling mediated principally by the selectin group of adhesion molecules (step 1), chemokine receptor engagement and resultant G-protein-coupled "inside-out" activation of integrins (step 2), firm adhesion by integrins (step 3), culminating in transendothelial migration (TEM) (step 4) (2, 3). The conventional multistep paradigm holds that step 2 is critical for TEM, with engagement of discrete chemokine receptors on the cell surface triggering subsequent integrin-dependent steps. For recruitment of circulating cells to bone marrow, the CXCL12/CXCR4 chemokine axis plays a central role (4) . Notably, specialized sinusoidal vessels constitutively express CXCL12 and E-selectin at sites where cells extravasate into the marrow parenchyma (5) . Hematopoietic stem cells express multiple E-selectin ligands and abundant CXCR4 (1) , and are thus equipped with relevant effectors of step 1 and step 2 events mediating osteotropism.
Mesenchymal stem cells (MSCs) can differentiate into a variety of tissues (6, 7) and display potent immunomodulatory effects (8, 9) . Although MSCs have shown therapeutic potential in skeletal diseases (10) , myocardial injury, and immunologic disorders (11, 12) , a critical limitation to the therapeutic use of MSCs is their modest tissue colonization upon systemic administration (13) (14) (15) . Importantly, human MSCs (hMSCs) lack expression of various adhesion receptors that mediate step 1 interactions, particularly E-selectin ligands (16) . Moreover, in contrast to hematopoietic cells, hMSCs display a rather limited repertoire of chemokine receptors, with variable evidence of functional receptors (17) , particularly CXCR4 (16) .
The paucity of effectors of cell migration on hMSCs has prompted investigations to develop strategies to promote hMSC TEM and tissue-specific trafficking. In a prior study, we glycanengineered CD44 on hMSCs to express the E-selectin ligand HCELL (hematopoietic cell E-selectin/L-selectin ligand) (16) . Following enforced HCELL expression, intravital microscopy in immunodeficient murine hosts showed that systemically administered hMSCs displayed robust extravasation (TEM) within marrow microvasculature, despite the absence of CXCR4 expression on these cells (16) . This striking finding raised the possibility that hMSC/endothelial interactions may be encoded by chemokine-independent pathways. Our investigations here show that engagement of CD44 via interactions with E-selectin (through HCELL) or with hyaluronic acid (HA) markedly upregulates binding of VLA-4 to VCAM-1 and fibronectin (FN), inducing hMSC firm adherence and subsequent TEM in the absence of chemokine input. CD44 ligation triggers inside-out upregulation of VLA-4 adhesiveness via CD44-mediated G-proteindependent signal transduction. These findings unveil a dimension of mechanosignaling within the multistep cascade, establishing an expanded role for CD44 receptor/ligand interactions in directing cell trafficking via a step 2-bypass pathway of integrin activation.
Results
Effect of Fucosyltransferase VI Treatment on hMSC Expression of Homing Molecules. To determine whether stereospecific exofucosylation of the cell surface affects expression of key membrane structures involved in cell migration, hMSCs were analyzed for expression of CD44, α4, β1, α L , β 2 , CXCR4, sialyl Lewis X (sLex), and PSGL-1 using specific monoclonal antibodies (mAb), and probed for E-selectin ligand activity using E-selectin-Ig chimera (E-Ig). Comparative flow cytometric analysis before and after fucosyltransferase VI (FTVI) treatment showed that although ex vivo α(1,3)-fucosylation renders sLex expression and E-Ig reactivity on hMSCs, it does not alter cell-surface expression of CD44, VLA-4 (α 4 β 1 ; CD49d/CD29), LFA-1 (α L β 2 ; CD11a/ CD18), CXCR4, or PSGL-1 (Fig. 1) .
Enforced HCELL Expression on hMSCs Induces E-Selectin-and VCAM-1-Dependent TEM. To examine the molecular basis of the previously reported extravasation of HCELL + hMSCs at marrow endothelium, we used a well-established endothelial primary culture model, human umbilical vein endothelial cells (HUVEC), to analyze hMSC/endothelial interactions. In all assays, serum-free conditions were used to avoid application of exogenous chemokine(s). Because marrow microvessels constitutively express Eselectin and VCAM-1, studies were performed using HUVEC stimulated to express these structures; as shown in Fig. 2A , treatment with IL-1β and TNF-α up-regulated both E-selectin and VCAM-1 expression on HUVEC.
TEM of hMSCs in transwell assays was scored as "migration index," calculated as the ratio of transmigrated FTVI-treated (HCELL + hMSCs) or -untreated hMSCs (HCELL − hMSCs) on cytokine-stimulated HUVEC compared with transmigrated untreated hMSCs on unstimulated HUVEC. As shown in Fig. 2B , on stimulated HUVEC, HCELL + hMSCs consistently transmigrated a minimum of threefold more than HCELL − hMSCs. Transmigration of HCELL + hMSCs was critically dependent on engagement of both E-selectin and VLA-4, as pretreatment with function-blocking mAb to either E-selectin (clone 68-5H11) or VLA-4 (clone HP2/1) abrogated transmigration (Fig. 2B) . Gprotein-mediated signaling was requisite for HCELL + hMSC transmigration, as pretreatment with pertussis toxin (PTX), a specific inhibitor of Gαi, inhibited TEM (Fig. 2B) . Importantly, decreased TEM upon PTX treatment did not result from alterations in surface expression of sLex, E-selectin ligand activity, or VLA-4 (Fig. 2C) . Altogether, these data indicate that TEM of HCELL + hMSCs on stimulated HUVEC is mediated by Eselectin engagement, VLA-4/VCAM-1 interactions, and PTXsensitive G-protein signaling.
Although all transwell assays were performed in the absence of exogenous chemokine input, it is well-recognized that hMSCs produce CXCL12 (18) , and that the CXCL12/CXCR4 axis plays a pivotal role in recruiting circulating cells to marrow (1) . Thus, we specifically sought to analyze whether this chemokine signaling pathway contributes to the observed TEM of HCELL + hMSCs. The expression of CXCR4 on hMSCs was determined at mRNA and protein levels by real-time PCR and Western blotting, respectively. As control, comparative analysis was performed on human lymphocytes (peripheral blood mononuclear cells; PBMC), which are known to express abundant levels of functional CXCR4. As seen in Fig. 2D , lymphocytes express ∼4,500-fold more CXCR4 mRNA compared with that of hMSCs. Western blot analysis of whole-cell lysates of trypsin-lifted and EDTA-lifted hMSCs (hMSC-T and hMSC-E, respectively) and lymphocytes, each normalized for equivalent input protein, shows significantly more CXCR4 protein in lymphocytes than in hMSCs (Fig. 2E) ; the low CXCR4 expression in EDTA cell lifts indicates that CXCR4 expression is not artifactually diminished by trypsin proteolysis, and confirms prior evidence by in situ immunofluorescence that hMSCs lack CXCR4 expression (16) . To directly assess whether the CXCL12/CXCR4 axis functions in the observed TEM of (Fig. 3C) . These results indicate that HCELL + hMSC binding to E-selectin markedly induces shearresistant adhesive interactions between VLA-4 and VCAM-1.
CD44 Coassociates with VLA-4 in hMSCs. Studies in activated lymphoid cells have revealed a physical association between CD44 and VLA-4 (20) . To determine whether this coassociation occurs in hMSCs, hMSCs were incubated with E-Ig or HA, or activated using phorbol myristate acetate (PMA)/ionomycin, and analyzed by coimmunoprecipitation assay. VLA-4 immunoprecipitates probed for CD44 on Western blot revealed an ∼100 kDa band corresponding to the standard form of CD44 (Fig. 4 A-C) . Western blots revealed a baseline coassociation of CD44 and VLA-4 in resting hMSCs (Fig. 4 A-C, lane 1) ; however, marked increased association was observed upon engagement of HCELL + hMSCs with E-selectin (Fig. 4A ) or with HA (Fig. 4B) . PMA/ionomycin stimulation also increased CD44-VLA-4 coassociation (Fig. 4C ).
E-Selectin Engagement of HCELL on hMSCs Activates G-Protein
Signaling. The observed blunting of TEM following PTX treatment (Fig. 2B) indicates that Gαi-protein signaling is requisite for CD44-mediated hMSC TEM. To identify downstream effectors, we analyzed GTPases such as Rap1 and a member of the Rho GTPases, Rac1, previously shown to participate in cell migration. We observed that HCELL/E-selectin engagement or CD44/HA engagement increased levels of active Rac1 and Rap1 without changes in total Rac or Rap levels ( Fig. 5 A and B) . To determine the role of these GTPases in facilitating HCELL + hMSC TEM, specific Rac1 and Rap1 inhibitors were used in TEM assays. Preincubation of HCELL + hMSCs with Rac1 inhibitor NSC23766 significantly inhibited transmigration to 50% of the levels observed without inhibitor (Fig. 5C ). Rap1 inhibitor GGTI-298 by itself did not significantly affect TEM, but GGTI-298 combined with NSC23766 inhibited TEM of HCELL + hMSCs to levels observed in HCELL − hMSCs (Fig. 5C) . Importantly, the effects of Rac1 and Rap1 inhibitors on hMSC TEM were not due to changes in Eselectin ligand activity or VLA-4 levels (Fig. 5D) . To assess the roles of Rac and Rap GTPases in CD44-mediated shear-resistant integrin adhesiveness, cells were preincubated with GTPase inhibitors or with PTX before use in flow-based VCAM-1 binding assays. Preincubation with PTX, Rac1 inhibitor, or a combination of Rac1 and Rap1 inhibitors, significantly reduced the binding of HCELL + hMSCs to rhVCAM-1-Fc at 0.5 dyn/cm 2 ( Fig. 5E ). These results indicate that G-protein signaling through Rac1 and Rap1 GTPases itself contributes to activating VLA-4 adhesiveness of hMSCs following HCELL/E-selectin engagement under flow conditions.
G-Protein Signaling Does Not Regulate Formation of CD44-VLA-4
Bimolecular Complex. The finding that CD44 coassociates with VLA-4 in hMSCs prompted us to investigate whether G-proteinmediated signaling through Rac1 and Rap1 GTPases regulates formation of this complex, and whether this complex is sufficient to induce CD44-VLA-4 cross-talk. To this end, HCELL + hMSCs were pretreated with PTX or a combination of Rac1 and Rap1 GTPase inhibitors, and exposed to E-Ig. Use of PTX (Fig. 5Fa) or Rac1/Rap1 GTPase inhibitors (Fig. 5Fb ) had no effect on the physical association of CD44 and VLA-4 following E-selectin binding to HCELL + hMSCs; that is, CD44 ligation induces coassociation with VLA-4, and G-protein signaling is not required to maintain/create the physical association between CD44 and VLA-4. Although increased coassociation between CD44 and VLA-4 is correlated with increased VLA-4 adhesiveness, this complex formation does not alone confer increased adhesiveness of VLA-4 for VCAM-1. Collectively, our findings illus- . Under flow, untreated hMSCs displayed minimal firm adherence on HUVEC, and FTVI treatment dramatically increased (∼10-fold) firm adherence of hMSCs (Fig. 6) . Pretreatment of HUVEC with anti-E-selectin mAb prevented firm adherence of FTVI-treated hMSCs, indicating that HCELL/E-selectin interaction(s) is prerequisite for step 3 firm adherence under hemodynamic shear (Fig. 6) . Pretreatment of HCELL + hMSCs with HP2/1 mAb or with Rac/Rap inhibitors markedly reduced firm adherence (Fig. 6) ; the >50% decrement observed indicates that VLA-4 binding to VCAM-1 is the principal mediator of firm adherence between HCELL + hMSCs and the endothelium (Fig. 6) . The residual firm adherence observed in the presence of HP2/1 mAb likely reflects resistance to blockade in the setting of markedly enhanced VLA-4 activity consequential to more complete engagement of HCELL coincident with rolling interactions along the entire hMSC membrane; under static conditions, complete inhibition of CD44 ligation-induced VLA-4 binding to ligands VCAM-1 and fibronectin-40 (FN-40, a chymotryptic fragment of FN), was observed using HP2/1 (Fig. S1) . Altogether, these results provide evidence for direct transition of step 1 events (mediated by HCELL-E-selectin binding) to step 3 (mediated by activated VLA-4 binding to endothelial VCAM-1) under flow without the need for an intervening chemokine-mediated step 2 in the cell-migration pathway.
Discussion
According to the canonical multistep model of cell migration, engagement of chemokine receptor(s) is obligatory to achieve (step 3) integrin activation and subsequent TEM (2, 3). It is wellknown that recruitment to marrow is driven by engagement of CXCR4 on blood-borne cells with CXCL12 constitutively expressed on marrow microvascular endothelial cells (5). However, using realtime intravital microscopy in immunocompromised mice, we observed that enforced HCELL expression conferred extravasation (TEM) of intravenously infused CXCR4 − hMSCs within marrow microvasculature (16) . This striking physiologic finding prompted us to elucidate whether transendothelial migration of HCELL + hMSCs may be encoded by chemokine-independent effector pathways. Because E-selectin and VCAM-1 are natively expressed by bone marrow microvascular endothelium (5), we analyzed TEM of hMSCs across HUVEC monolayers stimulated to express E-selectin and VCAM-1. Our data show that HCELL + hMSCs undergo VLA-4-mediated firm adherence and TEM through stimulated HUVEC in the absence of chemokine administration; in particular, we observed heightened firm adherence of HCELL + hMSCs on HUVEC under flow conditions known to dissipate chemokine gradients (21) . To specifically evaluate whether CXCR4 signaling contributes to the observed hMSC TEM, we performed PCR to measure CXCR4 mRNA levels and Western blot analysis of CXCR4 protein, to- gether with TEM assays of HCELL + hMSCs treated with the CXCR4 antagonist AMD3100. Compared with human lymphocytes, our data show that hMSCs express very low levels of CXCR4, and, more critically, that inhibition of CXCR4 signaling has no effect on the HCELL-mediated increased transmigration of hMSCs. These results directly demonstrate that enhanced TEM of HCELL + hMSCs is not dependent on CXCR4 signaling. Collectively, our data show that CD44 engagement by E-selectin or by HA alone potentiates a heterodimeric association between CD44 and VLA-4, and triggers a Rac1/Rap1-dependent G-proteincoupled activation of VLA-4 adhesiveness. This previously uncharacterized GTPase-mediated CD44-VLA-4 cross-talk thereby licenses a step 2-bypass pathway capable of directing cell adhesion to, and subsequent transmigration through, vascular endothelium (Fig. S2) . Our results thus uncover a mechanosignaling dimension to the "rules of the road" governing cell-navigation patterns in the vasculature, with broad implications for use of hMSCs and other cell types in adoptive therapeutics.
Functioning as step 2 effectors, chemokines contribute to integrin activation by binding to cognate ligands that are G-protein-coupled receptors (22) . Upon activation by G-protein-coupled receptors, G-proteins undergo conformational changes to the active GTP-bound state, promoting downstream signaling leading to cellular processes including migration (23) . Such activation of Gproteins can generate second messengers leading to selective activation of smaller GTPases such as Rap1 (24) or Rac1 (25) that serve as potent inside-out stimulators of integrin adhesiveness (26, 27) . Rac and Rap GTPases have been implicated in the efficient homing and engraftment of hematopoietic stem/progenitor cells (28) , and direct overexpression of GTPases can promote integrinmediated firm adhesion and TEM without chemokine input (24) .
CD44 was first identified by its role in binding to HA (29) , and it is best-known for mediating cell-matrix interactions. An early study using a murine lymphoid cell line suggested that CD44 could function as a G-protein possessing both GTP binding and GTPase activity blocked by PTX, a specific inhibitor of Gαi (30) . Another early study suggested a role for anti-CD44 mAb crosslinking in "outside-in" triggering of LFA-1 adhesiveness in human lymphocytes (31) and, more recently, a collaborating role for CD44 in VLA-4 adhesiveness was shown in murine T cells (20) . Although these studies highlighted an association between CD44 engagement and integrin activation, they did not elucidate the signaling effector(s) of this process.
Our finding that PTX blocks activation of VLA-4 following CD44/HCELL ligation indicates that CD44-dependent G-protein signaling triggers the observed transition from step 1 to step 3 in hMSCs. Studies in murine cell lines have suggested that engagement of CD44 using anti-CD44 mAb activates the GTPases Rac1 (32) and Rap1 (33) , and that signaling through G-proteins, including the PTX-sensitive Gαi, can activate GTPases such as Rap1 (34) . Here, using human primary cells, we observed that CD44/ HCELL binding to HA and E-selectin in each case results in upregulation of Rac1 and Rap1 GTPases. Moreover, our studies using inhibitors of Rac1 and Rap1 GTPases provide direct evidence for active GTPases in promoting CD44-primed VLA-4 adhesiveness and subsequent TEM of hMSCs on stimulated HUVEC. Incubation of cells with Rac1 inhibitor NSC23766 resulted in significant inhibition of TEM of HCELL + hMSCs across stimulated HUVEC. The residual TEM observed with NSC23766 inhibition may be due to the contribution(s) of other GTPases and/or the incomplete effect of NSC23766 on all of the guanine-nucleotide exchange factors that promote GTP binding to Rac1 (35) . Although the Rap1 inhibitor GGTI-298 alone did not affect TEM of HCELL + hMSCs, combination of GGTI-298 and NSC23766 led to a greater inhibition of TEM compared with NSC23766 alone. The observed synergism of NSC23766 and GGTI-298 in inhibiting HCELL + hMSC TEM is consistent with the ability of Rap1 to function upstream of Rac1 (36) . Although further studies beyond the scope of this report are required to define the potential involvement of other GTPases, unmasking of the Rap1 contribution (s) in the presence of Rac1 inhibition suggests that signals through both Rac1 and Rap1 GTPases contribute to integrin adhesiveness and TEM consequent to engagement of CD44 on hMSCs.
Our studies using purified VCAM-1 as substrate under hemodynamic shear conditions provide direct evidence that engagement of HCELL on hMSCs markedly augments VLA-4/VCAM-1 adhesive interactions in the absence of exogenous chemokine input (Fig. 3) . Importantly, our data illustrate that different ligands capable of engaging CD44 provoke increased binding of VLA-4 to VCAM-1, in each case funneling through identical intracellular signaling pathways (Fig. 5 A and B; Fig. S1 ). Studies of HCELL + hMSCs on stimulated HUVEC monolayers show that Eselectin/HCELL interactions are absolutely prerequisite for VLA-4-dependent firm adhesion and TEM (Figs. 2 and 6) . Although a stimulated endothelium may secrete a restricted set of chemokines such as CCL2, CXCL8, and CCL5 (37, 38) , chemotaxis across HUVEC monolayers would not occur in the absence of established gradients. However, in vivo, it is possible that hMSC chemokine receptors encountering cognate ligand(s) could act in a cooperative manner to activate VLA-4 following CD44 engagement. Low-level expression of a restricted repertoire of chemokine receptors, including CXCR1, CXCR2, CCR2, and CCR3, has been variably reported on hMSCs, with minimal chemotactic response to CXCL8 (ligand of CXCR1 and CXCR2) and CCL5 (ligand of CCR3) (39, 40) . Wherever detected by flow cytometry, CXCR4 expression on hMSCs is typically nominal (41, 42) and, where more prominently observed, is always accompanied by relatively low staining intensity (17, 41, 43) . In cases where CXCR4 expression has been reported, the chemotactic response of hMSCs to CXCL12 is modest (17) . Our prior work has shown that chemokine gradients established across an endothelial interface are rapidly dissipated by hemodynamic shear forces (21) , suggesting that cells bearing modest expression of chemokine receptors would be at a disadvantage in responding to perivascular chemokines in vivo. Collectively, these prior studies and our results here indicate that although chemokine(s) could cooperate in activating hMSC VLA-4 binding to endothelium and subsequent TEM in vivo, engagement of hMSC HCELL with E-selectin natively expressed on primary endothelial cells can drive this process directly.
In contrast to variable expression of chemokine receptors, hMSCs uniformly express CD44 and VLA-4. In this study, MSCs were expanded from marrow of dozens of donors, and CD44-VLA-4 cross-talk was observed across all cultures. Others have reported that enhanced osteotropism can be achieved by transducing murine MSCs with the α4 gene, resulting in increased VLA-4 expression and binding to VCAM-1 and FN (44), suggesting that increased VLA-4 adhesiveness mediates homing of cells to marrow. Notably, apart from constitutive expression on marrow sinusoidal endothelium, VCAM-1 is expressed among subsets of marrow myeloid cells and stromal cells (45, 46) , and FN is prominently found in marrow. Thus, upon entry into the marrow parenchyma, CD44 binding to HA, an abundant marrow extracellular matrix component, could prime VLA-4-dependent VCAM-1/FN-based lodgement of MSCs within appropriate marrow microenvironments (47) . Moreover, after transmigration, CD44 binding to HA may itself support MSC lodgement, as reported for hematopoietic stem cells (48) .
Our results here provide an insight into the molecular basis of osteotropism previously observed with HCELL + hMSCs. Existence of such a step 2-bypass pathway on a glycan-engineered primary adult stem cell has profound implications for use of such cells in regenerative therapeutics, and in all adoptive cell therapeutics. Inflammatory cytokines such as TNF-α and IL-1 characteristically up-regulate expression of E-selectin and VCAM-1 on microvascular endothelial cells at sites of tissue injury/inflammation (49) . Notably, prior studies have indicated that MSCs can localize to sites of inflammation in a CD44-dependent manner (50) . Such recruitment may be mediated by CD44 binding to vascular deposits of HA triggering VLA-4 adhesiveness, as vascular lumen and perivascular HA deposition is characteristic of inflammation (51, 52) . However, owing to prominent display of E-selectin on vascular endothelium at sites of inflammation, the capability to specifically enforce expression of the step 1 effector HCELL to engage E-selectin would markedly amplify trafficking of hMSCs to injury sites. The expression of HCELL and VLA-4 on a circulating cell encountering E-selectin and VCAM-1 at the endothelial interface could alone program that cell's "decision" to extravasate. Therefore, the capacity to custom-modify HCELL expression on cells expressing both CD44 and VLA-4 should promote cellular delivery to any site of tissue damage. Further studies are warranted to determine whether the observed CD44-VLA-4 cross-talk is a general property of all cells expressing these two adhesion molecules, and to scrutinize whether engagement of other step 1 effectors can trigger integrin activation sufficient to drive tissuespecific delivery of relevant cells for adoptive therapeutics.
Materials and Methods
Fucosylation Reaction. Fucosylation of hMSCs using FTVI to render HCELL expression was performed as described (16) . In brief, cells were treated with 60 mU FTVI for 1 h at 37°C in HBSS buffer (without Ca 2+ and Mg 2+ ) containing 20 mM Hepes, 0.1% human serum albumin, and 1 mM GDP-fucose, whereas control cells were treated in the same buffer without FTVI.
Additional Methods. For all other methods please refer to SI Materials and Methods.
